Introduction
============

Endothelial cells of blood vessels are in direct contact with circulating components; therefore, they are inevitably exposed to the highest concentrations of drugs during drug treatment. This is well illustrated by the blood-brain barrier, where endothelial cells overexpressing the ABC transporter are a major mechanism underlying drug resistance ([@b1-ijo-56-01-0113]--[@b4-ijo-56-01-0113]). Previous studies demonstrated that acquired multiple drug resistance can be induced in endothelial cells, and that this resistance affects the efficacy of anticancer treatment *in vitro* and *in vivo* ([@b1-ijo-56-01-0113]--[@b4-ijo-56-01-0113]). Notably, resistance in endothelial cells can be induced by antiangiogenic drugs targeting tyrosine kinase receptors, including sunitinib ([@b2-ijo-56-01-0113],[@b3-ijo-56-01-0113]).

Various factors involved in the process of tumor angiogenesis and tumor growth are angiogenesis-dependent ([@b5-ijo-56-01-0113]). Therefore therapeutic agents targeting tumor endothelial cells have been developed for anticancer treatment, including compounds such as sunitinib, which target angiogenic growth factor receptors, predominantly tyrosine kinase receptors ([@b6-ijo-56-01-0113],[@b7-ijo-56-01-0113]). These inhibitors were initially expected not to induce clinical resistance; however, after \>10 years of clinical use, resistance to antiangiogenic therapies has been widely reported ([@b7-ijo-56-01-0113]--[@b9-ijo-56-01-0113]). Several mechanisms have now been described, including alternative angiogenic pathways, selective pressure of hypoxia, cancer stem cells, recruitment of vascular progenitors and modulators, and tumor dormancy ([@b9-ijo-56-01-0113]--[@b11-ijo-56-01-0113]).

It is known that lysosomes sequester lipophilic amine drugs through a non-enzymatic and non-transporter-mediated process ([@b12-ijo-56-01-0113]--[@b14-ijo-56-01-0113]). As a hydrophobic (logP, 2.93), weak base (pKa, 9.04) molecule, sunitinib has been reported to accumulate in acidic lysosomes ([@b15-ijo-56-01-0113],[@b16-ijo-56-01-0113]). The extent of lysosomal drug sequestration depends on the pH gradient between the acidic luminal pH of the lysosome and that of the cytoplasm. Consequently, drugs are sequestered away from their intracellular target sites ([@b17-ijo-56-01-0113]). Notably, certain multidrug resistance transporters of the ABC superfamily, such as ATP binding cassette subfamily B member 1 (ABCB1; also known as P-gp), are highly expressed on the lysosomal membrane, and further accelerate ATP-dependent lysosomal drug sequestration ([@b16-ijo-56-01-0113]--[@b18-ijo-56-01-0113]). A previous *in vivo* study detected higher intratumoral concentrations of sunitinib than those found in plasma, further supporting the clinical relevance of sunitinib lysosome sequestration ([@b19-ijo-56-01-0113]).

Studies on tumor cells have indicated that lysosome sequestration of sunitinib may induce autophagy-associated resistance in these cells ([@b20-ijo-56-01-0113]--[@b23-ijo-56-01-0113]). Lysosomes are spherical membrane-bound organelle vesicles with a lumen pH of 4.5--5.0; these vesicles contain a panel of hydrolytic enzymes that enable biomolecular hydrolysis. Lysosomes are involved in various cellular processes, including secretion, plasma membrane repair, cell signaling and energy metabolism ([@b24-ijo-56-01-0113],[@b25-ijo-56-01-0113]). Autophagosome biogenesis and lysosome activity are essential for autophagy, which enables the breakdown and recycling of cellular components. Autophagy is constitutively expressed in all mammalian cells, and the overall mechanisms initiating and terminating autophagy are at present being extensively investigated ([@b24-ijo-56-01-0113]--[@b26-ijo-56-01-0113]). Currently, the role of autophagic drug flux in sunitinib lysosomal sequestration in cancer cells is well demonstrated and autophagy activation is considered a key step in drug sequestration ([@b17-ijo-56-01-0113]). The modulation of autophagy is expected to be an effective strategy for developing novel anticancer drugs ([@b27-ijo-56-01-0113],[@b28-ijo-56-01-0113]).

Our previous study demonstrated the induction of multiple drug resistance in human microcapillary endothelial HMEC-1 cells following exposure to sunitinib, with upregulated P-gp expression ([@b2-ijo-56-01-0113]). The present study investigated the occurrence of lysosome sequestration of sunitinib in endothelial cells and explored the relevant mechanisms.

Materials and methods
=====================

Materials
---------

Anti-microtubule-associated protein 1A/1B-light chain 3 (LC3; cat. no. 0231-100/LC3-5F10) was obtained from Enzo Life Sciences, Inc.; anti-lysosomal-associated membrane protein 1 (LAMP-1; H4A3; cat. no. sc-20011) was purchased from Santa Cruz Biotechnology, Inc.; anti-sequestosome 1 (SQSTM1)/p62 (cat. no. 5114) was obtained from Cell Signaling Technology, Inc.; horseradish peroxidase-labeled anti-rabbit/mouse IgG antibodies (cat. no. 31460/31430) were obtained from Invitrogen; Thermo Fisher Scientific, Inc.; anti-β-actin (cat. no. A5316) was purchased from Sigma-Aldrich; Merck KGaA; goat anti-mouse IgG and goat anti-rabbit IgG coupled to Alexa Fluor 594 (cat. no. A-11005/A-11012) were also obtained from Invitrogen; Thermo Fisher Scientific, Inc. Bafilomycin A1 (BAF; 10 nM) and chloroquine (CQ; 20 *µ*M) were purchased from Sigma-Aldrich; Merck KGaA; sunitinib was from Selleck Chemicals; and Lyso-ER, Lyso-NIR and DAPI were purchased from Abcam.

Cell culture and drug resistance induction
------------------------------------------

The HMEC-1 cell line (ATCC^®^ CRL-3243™) was cultured in MCDB-131 medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 2 mM L-glutamine, 100 *µ*g/ml streptomycin, 100 U/ml penicillin and 15% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), Sunitinib-resistant HMEC-1 cells were obtained in two ways: i) By continuously exposing HMEC-1 cells to escalating concentrations of sunitinib, from 0.01 to 16 *µ*M, over a period of \>8 weeks. ii) By continuously exposing HMEC-1 cells to escalating concentrations of sunitinib, from 0.01 to 6 *µ*M, then maintaining cells in culture with 6 *µ*M sunitinib over 8--12 weeks (HMEC~6~ *~µ~*~M~). All cells were digested with trypsin-EDTA once or twice a week and were cultured at 37°C in a 100% humidified atmosphere at 5% CO~2~. No mutagenic agents were used in the establishment of these sunitinib-resistant HMEC-1 cells.

Subcellular colocalization studies
----------------------------------

The HMEC-1 cells were incubated with or without sunitinib 6 *µ*M for 24 h, and then incubated with Lyso-ER or Lyso-NIR (Abcam) for 30 min at 37°C. Subsequently, those cells were fixed with 2% para-formaldehyde for 10 min at room temperature without light. Images of the fixed cells were obtained under a fluorescence microscope (Carl Zeiss AG).

Immunofluorescence
------------------

HMEC-1 and HMEC~6~ *~µ~*~M~ cells were seeded on glass coverslips (5×10^4^ cells) in 24-well dishes with or without sunitinib 6 *µ*M at 37°C. After 24 or 48 h, the cells were washed at 37°C, fixed at room temperature for 20 min with 2% paraformaldehyde, and permeabilized with Tris-buffered saline (TBS) containing 0.1% Triton X-100 (Sigma-Aldrich; Merck KGaA) for 30 min at room temperature prior to being exposed to anti-LC3 (1:200) and anti-LAMP-1 (1:50) antibodies and incubated overnight at 4°C. The cells were washed three times with TBS and were then incubated in the dark for 1 h at room temperature with a 1:1,000 dilution of anti-mouse or anti-rabbit Alexa Fluor 594-labeled secondary antibody (Invitrogen; Thermo Fisher Scientific, Inc.). The cells were mounted using DAPI (Abcam). Fluorescence images were collected under a Microscopy Imaging system (Carl Zeiss AG) and examined. Sunitinib absorbance is in the range of 340--480 nm and the maximum absorption is 429 nm. Sunitinib exhibits strong green fluorescence with a maximum of 540 nm.

Flow cytometry
--------------

The HMEC-1 cells were incubated with or without sunitinib (6 *µ*M) for 24 or 48 h, and the HMEC~6~ *~µ~*~M~ cells were treated with sunitinib (6 *µ*M) for 2 or 3 months at 37°C. Then, cultured cells were incubated with or without LysoTracker Red DND-99 for 15 min at 37°C (cat. no. L7528; Invitrogen; Thermo Fisher Scientific, Inc.), then all those cells were trypsinized and washed with PBS. After fixing in 2% paraformaldehyde for 20 min at room temperature, \~10^6^ cells were resuspended in PBS and analyzed using a fluorescence-activated cell sorter (Canton II flow cytometer FACscan; BD Biosciences), and data were analyzed using FlowJo v7.6.1 and BD FACSDiva v4.1 (BD Biosciences).

Western blot analysis
---------------------

The HMEC-1 cells were treated with or without sunitinib 6 *µ*M for 24 h, or with the autophagy inducer rapamycin (Sigma-Aldrich; Merck KGaA; cat. no. 553210; 5 *µ*M) for 8 h, or Hanks\' solution (Sigma-Aldrich; Merck KGaA; cat. no. H6648) for 24 h at 37°C. All cells were collected and incubated for 30 min in radioimmunoprecipitation assay lysis buffer (Sigma-Aldrich; Merck KGaA) on ice, centrifuged at 15,000 × g for 5 min and the total proteins in the supernatant were recovered. The amount of extracted protein was determined using the RC-DC™ Protein Assay kit (Bio-Rad Laboratories, Inc.). The proteins (12.5 *µ*g in 50 *µ*l), in the presence of Laemmli 1X buffer (diluted from Laemmli 2X buffer; cat. no. 161-0737; Bio-Rad Laboratories, Inc.) and β-mercaptoethanol, were denatured at 100°C for 5 min and were then loaded onto an SDS-PAGE gel (4-20% Mini-Protean^®^ TGX Stain-Free™; Bio-Rad Laboratories, Inc.). The proteins were transferred to a PVDF membrane (Trans-Blot^®^ Turbo™ Transfer kit, Mini Format, 0.2 *µ*m PVDF; Bio-Rad Laboratories, Inc.), using the Turbo™ Transfer system (Trans-Blot^®^ Turbo™ Transfer system; Bio-Rad Laboratories, Inc.). The membrane was blocked with 5% skimmed milk diluted in PBS-0.1% Tween (PBS-T) for 1 h at room temperature and the membrane was then incubated with primary anti-LC3 (1:1,000), anti-SQSTM1/p62 (1:1,000), anti-LAMP1 (1:200) or anti-β-actin (1:5,000) antibodies in 5% bovine serum albumin (BSA; Sigma-Aldrich; Merck KGaA) at 4°C overnight. The membrane was then washed three times with PBS-0.1% Tween-20 for 5 min and incubated with secondary antibodies. Horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibodies were diluted 1:3,500 in 5% BSA and were incubated with the membrane for 1 h at room temperature. After three washes, HRP-ECL reagents (Santa Cruz Biotechnology, Inc.) were added to the membrane and chemiluminescence was revealed using a Fuji LAS-3000 system (Fujifilm). The ratios of blot density signal of specific protein bands to the control band were determined using ImageJ v1.51 software (National Institutes of Health).

Cell proliferation and cell viability assays
--------------------------------------------

HMEC-1 or HMEC~6~ *~µ~*~M~ cells (5×10^4^ cells/well) were placed in the presence of sunitinib (0, 3, 6, 12 or 24 *µ*M) for 72 h, or under treatment with 10 nM BAF or 20 *µ*M CQ, with or without sunitinib (6 *µ*M) for 48 h, in a 24-well plate at 37°C. Then, the cells in each well were washed twice with PBS, detached with 200 *µ*l trypsin and added to 800 *µ*l medium. Cells were counted using KOVA Slide II (cat. no. 87118; Kova International, Inc.) or an automated cell-counter (Z2; Beckman Coulter, Inc.). The cell number in each well was divided by the initial seeded cell number to obtain the fold increase in cell number. The cell number of the treated groups was divided by the cell number of the appropriate control group to obtain the cell survival rate (%). The replication time was the average duration for a cell division.

Time-lapse imaging
------------------

HMEC-1 cells (2×10^4^/500 *µ*l) with sunitinib (6 *µ*M) for 72 h or HMEC~6~ *~µ~*~M~ cells (2×10^4^/500 *µ*l) without sunitinib (6 *µ*M) for 72 h were incubated in 4-well Hi-Q4 dishes (Biovalley) at 37°C in an incubator with 100% humidified atmosphere at 5% CO~2~. The images were recorded in real time using the BioStation IM-Q Time Lapse Imaging system (Nikon Corporation). Following the addition of sunitinib, culture plates were immediately put into the culture chamber of the time-lapse imaging system. The video recording usually began after a lapse of 15 min, which was required for the choice of image fields under microscopy.

Statistical analysis
--------------------

Data are presented as the mean ± SD or mean ± SEM of more than three independent experiments carried out in triplicate. Results were statistically analyzed by one-way ANOVA using GraphPad Prism 6 (GraphPad Software, Inc.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Influx of sunitinib in HMEC-1 cells, and its inhibitory and toxic effect
------------------------------------------------------------------------

The present study investigated the impact of different concentrations of sunitinib on the *in vitro* culture of HMEC-1 cells. Sunitinib was added to HMEC-1 cells for 24, 48 and 72 h, and the cells were then trypsinized, collected and counted under microscopy. The results demonstrated that sunitinib inhibited cell division at low concentrations, and induced cell death at higher concentrations ([Fig. 1A](#f1-ijo-56-01-0113){ref-type="fig"}). There were very few floating dead cells observed at concentrations \<12 *µ*M, but much more at higher concentrations, and few survived following treatment with 24 *µ*M sunitinib. Below 12 *µ*M, cell proliferation was inhibited; however, cell numbers still increased, indicating that cell division was still occurring. The IC~50~ of sunitinib in normal HMEC-1 cells was 12.8±0.76 *µ*M ([Fig. 1B](#f1-ijo-56-01-0113){ref-type="fig"}). This indicated that sunitinib concentrations \<12 *µ*M were compatible with the survival of HMEC-1 cells. During the experiments, it was demonstrated that 6 *µ*M was a good compromise dose, since it satisfied three essential conditions for further experiments. It enabled the maintenance of cell culture in the long term; it provided a clear view of the development of drug resistance; and it enabled clear observation of sequestration of sunitinib using fluorescence microscopy. Therefore, 6 *µ*M concentration was selected for further exploration.

Under light microscopy, the organelles of normal flat HMEC-1 cells were not clearly discernible. However, since solubilized sunitinib displays a bright yellowish color, it was possible to visualize sunitinib accumulation at sufficient concentrations \>1 *µ*M. The cells were stained yellow after overnight treatment and a large number of bright yellow vesicles could be seen within the cells ([Fig. 1C](#f1-ijo-56-01-0113){ref-type="fig"}). These bright vesicles were concentrated around the nucleus, with enhanced refraction.

Under fluorescence microscopy, green fluorescent sunitinib was enclosed within intracellular granules ([Fig. 1D](#f1-ijo-56-01-0113){ref-type="fig"}). With higher amplification, the green fluorescent granules were seen clearly around the cell nucleus ([Fig. 1E](#f1-ijo-56-01-0113){ref-type="fig"}). Subsequently, flow cytometry was conducted to follow the dynamic accumulation of 6 *µ*M sunitinib in living cells. The results revealed that 30 min after adding sunitinib, the cells displayed clear green fluorescence. Much stronger fluorescence was obtained after 24 h and it appeared to approach its maximum level at 48 h ([Fig. 1F](#f1-ijo-56-01-0113){ref-type="fig"}).

To more intuitively and dynamically observe the formation of fluorescent sunitinib granules, a time-lapse imaging system coupled with fluorescence microscopy was used to record normal living HMEC-1 cells for 72 h following 6 *µ*M sunitinib treatment ([Fig. 1G](#f1-ijo-56-01-0113){ref-type="fig"} and [Video S1](#SD1-ijo-56-01-0113){ref-type="supplementary-material"}). The video revealed that sunitinib influx into the cells was immediate and extremely efficient. In \<20 min, the intracellular fluorescence level was seen to rise within the cytoplasm and bright fluorescent granules began to emerge. The majority of the florescent granules emerged in the juxtanuclear area of the cells and a few of the granules emerged in the cytoplasm and then moved centripetally toward the nucleus. During the first 24 h, these moving granules grew in size and quickly clustered together. Subsequently, they either moved to one cell pole or continually rotated around the cell nucleus. An increase in the intensity of the drug fluorescence was observed during the first 24 h and the brightness then gradually stabilized. The spatial distribution of these vesicles fully complied with the characteristic positioning of lysosomes in the perinuclear pool near the microtubule-organizing center. Sunitinib is a weak base known to induce cytosol alkalinization, which could also facilitate the return of lysosomes to their central location ([@b29-ijo-56-01-0113]).

To further verify these results, two lysosomal tracers, Lyso-ER and Lyso-NIR, were added to the sunitinib-treated cells and the cells were examined. The results confirmed that the lysosomal tracers and sunitinib markedly overlapped in HMEC-1 cells ([Fig. 2](#f2-ijo-56-01-0113){ref-type="fig"}).

Induction of drug resistance and activation of autophagy by sunitinib in HMEC-1 cells
-------------------------------------------------------------------------------------

HMEC-1 cells were exposed to escalating doses of sunitinib, up to 24 *µ*M, to induce drug resistance. The results revealed that the time required for cell division progressively increased, with more floating dead cells observed when the concentrations reached \>12 *µ*M. To avoid cell death, cells were incubated with a fixed concentration of 6 *µ*M sunitinib for 3 months to induce drug resistance. Notably, the cell division cycle was gradually prolonged ([Fig. 3A](#f3-ijo-56-01-0113){ref-type="fig"}). After 3 months, the IC~50~ value of sunitinib in 6 *µ*M sunitinib-induced HMEC-1 cells had progressively shifted to \~25 *µ*M compared with 12.8 *µ*M for normal HMEC-1 cells ([Fig. 3B and C](#f3-ijo-56-01-0113){ref-type="fig"}). These cells were maintained in long-term culture with 6 *µ*M sunitinib for subsequent experiments (HMEC~6~ *~µ~*~M~). These data indicated that the induction of sunitinib resistance in HMEC-1 cells was dose- and time-dependent.

The aforementioned results strongly indicated that the detected lysosomes were the sunitinib-sequestering vesicles, and LysoTracker DND-99 was used to quantify the volumetric change in lysosomes following exposure to sunitinib. The results demonstrated that together with the increase in the intensity of sunitinib autofluorescence ([Fig. 1F](#f1-ijo-56-01-0113){ref-type="fig"}), the intensity of LysoTracker DND-99 in the sunitinib-treated cells was increased in parallel compared to the untreated control cells, indicating the expansion of lysosomes and their fusion with autophagosomes ([Fig. 3D](#f3-ijo-56-01-0113){ref-type="fig"}). Lysosomal mass was compared between HMEC-1 and HMEC~6~ *~µ~*~M~ cells. The HMEC~6~ *~µ~*~M~ cells exhibited moderately higher DND-99 fluorescence, suggesting a limited expansion of the lysosomal mass following long term exposure to sunitinib ([Fig. 3E](#f3-ijo-56-01-0113){ref-type="fig"}).

This study investigated the activation of autophagy in response to sunitinib treatment using autophagy molecular markers ([@b30-ijo-56-01-0113]). The results of western blot analysis revealed that the protein expression levels of LAMP-1 were significantly increased after 24 h of sunitinib treatment, and a further increase was observed in HMEC~6~ *~µ~*~M~ cells ([Fig. 3F](#f3-ijo-56-01-0113){ref-type="fig"}) ([@b31-ijo-56-01-0113]). In addition, the ratio of LC3-II/LC3-I was significantly increased in these cells, which indicated the active formation of autophagosomes ([Fig. 3G](#f3-ijo-56-01-0113){ref-type="fig"}). Furthermore, the significant downregulation of SQSTM1/p62 protein in these cells confirmed the ongoing process of active autophagy ([Fig. 3H](#f3-ijo-56-01-0113){ref-type="fig"}). These findings suggested that autophagy was activated in response to sunitinib treatment. Immunolabelling experiments with sunitinib-treated cells exhibited colocalization of anti-LC3-II ([Fig. 3I](#f3-ijo-56-01-0113){ref-type="fig"}) and a similar highly overlapped colocalization of anti-LAMP-1 ([Fig. 3J](#f3-ijo-56-01-0113){ref-type="fig"}) with the fluorescent sunitinib granules. Therefore, it was concluded that sunitinib was sequestered in autophagosomes and lysosomes in these cells.

Counterbalancing drug resistance by inhibiting lysosomal function
-----------------------------------------------------------------

The aforementioned results indicated that drug resistance was associated with sunitinib sequestration in lysosomes. It is reasonable to postulate that the blockage of lysosomal sequestration would abolish drug resistance. Therefore, the effect and the efficiency of two autophagy inhibitors, the H^+^-ATPase inhibitor BAF, which blocks acidification of lysosomes, and CQ, which suppresses the fusion of autophagosomes with lysosomes, was investigated ([@b32-ijo-56-01-0113],[@b33-ijo-56-01-0113]).

Fluorescence microscopy revealed that LAMP-1-labeled lysosomes were not disorganized, but were conserved in BAF- and CQ-treated cells ([Fig. 4A and B](#f4-ijo-56-01-0113){ref-type="fig"}). However, in the BAF-treated cells, green sunitinib granules disappeared, indicating the cessation of sunitinib sequestration in the LC3-labeled autophagosomes and lysosomes ([Fig. 4A and B](#f4-ijo-56-01-0113){ref-type="fig"}). Notably, the green sunitinib granules in CQ-treated cells had not disappeared or diminished ([Fig. 4A and B](#f4-ijo-56-01-0113){ref-type="fig"}). This observation was verified with lysosome tracers (Lyso-ER and Lyso-NIR) and the results confirmed the presence of fluorescent sunitinib granules in the CQ-treated HMEC-1 cells ([Fig. 4C and D](#f4-ijo-56-01-0113){ref-type="fig"}). These findings indicated the dependence of suitinib sequestration on intra-lysosomal pH.

Cell resistance to sunitinib was evaluated following the addition of BAF and CQ. The addition of BAF or CQ significantly sensitized HMEC-1 cells to sunitinib and increased the toxic effect of sunitinib ([Fig. 4E and F](#f4-ijo-56-01-0113){ref-type="fig"}; P\<0.05). The cytotoxicity experiments were repeated with HMEC~6~ *~µ~*~M~ cells, which have a higher resistance capacity. The results were similar; both autophagy inhibitors significantly increased the sensitivity of HMEC~6~ *~µ~*~M~ cells to sunitinib ([Fig. 4G](#f4-ijo-56-01-0113){ref-type="fig"}). These findings suggested that inhibition of lysosomal autophagy function counterbalanced HMEC-1 cell resistance to sunitinib.

Reversible resistance to Sunitinib
----------------------------------

To analyze the reversibility of this drug resistance, HMEC~6~ *~µ~*~M~ cells were cultured normally after the withdrawal of sunitinib from the culture media, and their IC~50~ values were regularly checked. It was revealed that the cells had regained their sensitivity to sunitinib after 2 weeks of culture without sunitinib, with an IC~50~ equivalent to normal HMEC-1 (data not shown). The video-recorded images with the time-lapse imaging system coupled with fluorescence microscopy revealed that the fluorescence density of sunitinib granules in recovered HMEC~6~ *~µ~*~M~ cells had decreased by approximately half in the first 12 h and continued to recede. This indicated that once the extracellular concentration of sunitinib had decreased, the efflux of sunitinib sequestered in lysosomes began immediately. The decrease in fluorescence resulted from both decreases in fluorescent vesicle volume and reduction in the number of fluorescent vesicles ([Fig. 4H](#f4-ijo-56-01-0113){ref-type="fig"}).

Discussion
==========

Our previous studies reported the induction of drug resistance by doxorubicin and sunitinib in endothelial cells *in vitro* and *in vivo* ([@b1-ijo-56-01-0113]--[@b3-ijo-56-01-0113]). Previous studies have demonstrated lysosomal sequestration in renal and colorectal cancer cells, which is an important mechanism implicated in the development of sunitinib resistance ([@b15-ijo-56-01-0113],[@b17-ijo-56-01-0113]). These results prompted the study of sunitinib lysosomal sequestration in endothelial HMEC-1 cells and its relationship with multiple drug resistance.

Since sunitinib is an autofluorescent molecule in culture medium, a time-lapse imaging system was used to monitor the influx of 6 *µ*M sunitinib into HMEC-1 cells. This concentration was chosen because it was sufficient to induce drug resistance and avoided highly injurious toxicity in long-term culture. When viewing the video of time-lapse fluorescence microscopy, an instant influx was systematically noted as sunitinib was added to the culture medium. This suggests a very effective diffusion of sunitinib across the cell membrane. A rapid emergence of green fluorescent granules was detected a few minutes later, particularly in the juxtanuclear zone where the lysosomes were concentrated. The sharp contrast of the bright fluorescence of the vesicles compared to that of the cytosol background strongly indicated that drug accumulation in the vesicles was driven by an active transport of sunitinib from the cytosol to the vesicles, most probably by ABC family molecules highly expressed in endothelial cells ([@b1-ijo-56-01-0113]--[@b3-ijo-56-01-0113],[@b18-ijo-56-01-0113]). The video images also revealed that intracellular fluorescent particles were in permanent movement, and they either rotated around the nucleus or concentrated markedly at one cell pole. These features were indeed significant for lysosomes because normal cytosol acidification should cause dispersal of the perinuclear lysosome population, whereas sunitinib-induced alkalinization could return them to their central location ([@b29-ijo-56-01-0113],[@b34-ijo-56-01-0113]).

The formation of autophagosomes and their fusion with pre-existing lysosomes is a well-known natural process of autophagic flux. Western blotting with anti-LAMP-1, anti-LC3 and anti-p62 antibodies was used to evaluate autophagy activation. The results revealed that sunitinib treatment for 24 h activated autophagy, as determined by a significant increase in LC3-II/I ratio and LAMP-1 expression, and a decrease in p62. Experiments with HMEC~6~ *~µ~*~M~ cells exhibited similar results, indicating that autophagy remained active ([@b30-ijo-56-01-0113]). These results may explain the increase in size and numbers of green fluorescent granules in the video following sunitinib treatment. Immunostaining of sunitinib-treated HMEC-1 and HMEC~6~ *~µ~*~M~ cells with anti-LAMP-1 and anti-LC3 antibodies revealed colocalization of these two autophagy-lysosome markers with sunitinib green fluorescence. In addition, the staining of the cells with two fluorescent lysosome tracers, Lyso-ER and Lyso-NIR, revealed colocalization with sunitinib green fluorescence. Flow cytometry using LysoTracker DND-99 staining indicated an expansion of vacuole compartments under sunitinib treatment. These results confirmed that the vesicles in the juxtanuclear zones enclosing sunitinib and isolating the drug from the cytosol were indeed lysosomes/autophagosomes. However, further work is required to clarify the mechanisms underlying sunitinib-associated autophagic flux in endothelial cells.

This study also revealed that the development of sunitinib resistance in HMEC-1 cells was dose- and time-dependent, and resistance remained as long as the sunitinib was present in the culture medium. HMEC-1 cells tolerated sunitinib well until the concentration reached \>12 *µ*M. This implied that therapeutic doses of sunitinib may not massively damage the endothelium, because *in vivo* concentrations were estimated to be \<10 *µ*M ([@b6-ijo-56-01-0113],[@b19-ijo-56-01-0113]). The decrease in the proliferation rate of HMEC-1 cells at low concentrations may be attributed to the blockage of endothelial cell growth factor receptors; however, it is also reasonable to suppose that the interruption of lysosome hydrolytic activity by sunitinib-induced basification also affects HMEC-1 metabolism and proliferation. This study evaluated the effect of two autophagy inhibitors on sunitinib-induced drug resistance. The results of fluorescence microscopy revealed that the H^+^-ATPase inhibitor BAF halted sunitinib sequestration, although the LAMP-1-positive lysosomal structure was still intact. Another autophagy inhibitor, CQ, is known to inhibit autophagosome-lysosome fusion and to induce an accumulation of autophagosomes ([@b33-ijo-56-01-0113]). The present results demonstrated that CQ did not affect the sequestration of sunitinib in lysosomes, which is consistent with a previous result ([@b33-ijo-56-01-0113]). Therefore, the difference in the observed effect could be adequately explained by differences in mechanism, in particular because sunitinib sequestration is highly dependent on the H^+^-ATPase-associated acidic environment, but much less dependent on the fusion of autophagosomes with lysosomes. Likewise, although both inhibitors suppressed cell resistance to sunitinib, BAF appeared more efficient than CQ. These results are in agreement with other reports using BAF and CQ *in vitro* ([@b21-ijo-56-01-0113]-[@b23-ijo-56-01-0113],[@b27-ijo-56-01-0113]). Overall, these data support the notions that inhibition of autophagic flux sensitizes cells to sunitinib and other drugs, and that lysosomal drug sequestration is one of the important underlying mechanisms ([@b12-ijo-56-01-0113]--[@b15-ijo-56-01-0113],[@b20-ijo-56-01-0113]--[@b23-ijo-56-01-0113],[@b35-ijo-56-01-0113]). Notably, the anti-autophagy mechanism of CQ has not yet been fully understood, whereas its pharmaceutical potential has attracted much attention because it affects tumor cells and endothelial cells through complex mechanisms, including overcoming drug resistance ([@b27-ijo-56-01-0113],[@b35-ijo-56-01-0113]--[@b37-ijo-56-01-0113]).

Finally, this study evaluated the reversibility of HMEC~6~ *~µ~*~M~ resistance. The results revealed that resistance gradually disappeared after sunitinib had been removed from the culture media for \~2 weeks. This is in line with the 3-day observations in the video, which illustrate a slow decrease in sunitinib fluorescence during culture.

Antiangiogenic sunitinib was designed to target endothelial cells ([@b4-ijo-56-01-0113],[@b38-ijo-56-01-0113]). Lysosomal sequestration of drugs, and its associated toxicity and drug resistance in endothelial cells, are of particular importance. Endothelial cells are exposed to the highest peak levels of sunitinib (10 *µ*M, t~1⁄2~\>40 h) following absorption by the digestive system and its penetration into the blood circulation ([@b6-ijo-56-01-0113],[@b19-ijo-56-01-0113]). Therefore, the present results obtained with 6 *µ*M sunitinib are relevant for clinical dosage, and sunitinib lysosomal sequestration can reasonably be supposed to occur in patients. These results raised several clinically relevant questions. For example, sunitinib neutralizes the acidic environment of lysosomes, which can lead to the impairment or cessation of normal intracellular metabolism, but at present little is known about the significance of a defective lysosome system of this sort in a clinical setting. Furthermore, the overall clinical interpretation of lysosomal sequestration of sunitinib also appears complex. It could be considered beneficial if it prevents the massive destruction of the endothelium by reducing toxicity, or on the contrary, it could be considered harmful if it reduces therapeutic efficacy by causing drug resistance. Further study is potentially required to clarify and understand this delicate balance, in order to improve daily clinical practice by better management of the dosage of sunitinib treatment, particularly in patients with cardiovascular comorbidity ([@b39-ijo-56-01-0113],[@b40-ijo-56-01-0113]).

Sequestration-associated drug resistance is not restricted to sunitinib, as many drug compounds share similar physico-chemical properties ([@b12-ijo-56-01-0113]--[@b14-ijo-56-01-0113]). The present study indicated that the sensitizing effect of H^+^-ATPase blockers, such as BAF, appears to be a more attractive means for the development of novel drugs reversing sunitinib resistance. It is clear that tumors are able to develop drug resistance through adaptive mechanisms under chemotherapy. In particular, the upregulation of ABC transporter molecules simultaneously contributes to the development of drug resistance in endothelial cells and tumor cells ([@b1-ijo-56-01-0113]--[@b3-ijo-56-01-0113]). The blocking of ABCB1 and ATP binding cassette subfamily G member 2 by elacridar has demonstrated therapeutic efficacy ([@b23-ijo-56-01-0113]). Notably, each anticancer drug has specific targets, specific physicochemical properties and distinct mechanisms, although they are often used interchangeably in clinical settings. Clinically, drug resistance is closely associated with drug efficacy and drug toxicity ([@b7-ijo-56-01-0113],[@b8-ijo-56-01-0113],[@b11-ijo-56-01-0113],[@b39-ijo-56-01-0113]). In addition, there is growing interest in reviewing the role of stromal cells, including in blood vessels, in the development of resistance to anticancer drugs ([@b9-ijo-56-01-0113]). The present study may be helpful in providing a better understanding of the pharmacological mechanisms of anticancer drugs, and may improve the clinical management of drug resistance and toxicity during therapy.
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CQ

:   chloroquine

BAF

:   bafilomycin A1

LAMP-1

:   lysosomal-associated membrane protein 1

LC3

:   microtubule-associated protein 1A/1B-light chain 3

SQSTM1

:   sequestosome 1

![Sunitinib suppresses HMEC-1 cells growth and penetrates HMEC-1 cells with the formation of fluorescent perinuclear vesicles. (A) Inhibitory effect of sunitinib at the indicated concentrations during different time periods. HMEC-1 cells were treated with 3, 6, 12 and 24 *µ*M sunitinib for 24, 48 and 72 h. The cells were then washed, trypsinized and counted. Data are presented as the mean ± SEM. (B) Cell proliferation rate of HMEC-1 cells following treatment with sunitinib for 72 h compared with the control cells (100%). The inset graph shows the percentage of survived cells compared with the untreated control cells under the indicated sunitinib concentrations. Data are presented as the mean ± SEM. (C) Typical microscope image of HMEC-1 cells following treatment with 6 *µ*M sunitinib, exhibiting visible fluorescent granules (magnification, ×200). (D) Typical fluorescence microscope image of HMEC-1 cells following treatment with 6 *µ*M sunitinib, exhibiting fluorescent granules (magnification, ×100). (E) Amplified picture of a typical image of 6 *µ*M sunitinib-treated HMEC-1 cells under fluorescence microscopy (magnification, ×400). (F) Evaluation of intracellular sunitinib quantity in HMEC-1 cells. The cells ware incubated with 6 *µ*M sunitinib for 30 min, and 24 and 48 h, washed and immediately analyzed using flow cytometry. (G) Video images of living HMEC-1 cells following the addition 6 *µ*M sunitinib. After the addition of sunitinib, culture plates were immediately placed into the culture chamber of a time-lapse imaging system. After image zone selection, video recording usually began 15 min after the addition of the drug. The images were taken every 12 min and images at the indicated time points are shown (magnification, ×40). Sunit, sunitinib.](IJO-56-01-0113-g00){#f1-ijo-56-01-0113}

![Colocalization of lysosome tracers and sunitinib fluorescence. (A) HMEC-1 cells were treated with 6 *µ*M sunitinib for 24 h. The cells were washed, and Lyso-ER was added to the cells and left for 30 min. Washed cells were then fixed and underwent fluorescence microscopy. Lyso-ER exhibited red fluorescence (magnification, ×100). (B) HMEC-1 cells were treated with 6 *µ*M sunitinib for 24 h. The cells were washed, and Lyso-NIR was added to the cells and left for 30 min. Washed cells were then fixed and underwent fluorescence microscopy. DAPI was added to stain the nuclei. Lyso-NIR exhibited red fluorescence (magnification, ×100).](IJO-56-01-0113-g01){#f2-ijo-56-01-0113}

![Induction of drug resistance in HMEC-1 cells and sunitinib-induced activation of autophagy. (A) Replication times of cultured HMEC-1 cells in the presence of indicated concentrations of sunitinib. Data were calculated from more than two repetitions. (B) Evolution of the IC50 of sunitinib in HMEC-1 cells after treatment with 6 *µ*M sunitinib for different time periods. (C) Plotted survival rates of HMEC-1 cells and sunitinib-resistant HMEC~6~ *~µ~*~M~ cells. Normal HMEC-1 cells and sunitinib-resistant HMEC~6~ *~µ~*~M~ cells were exposed to the indicated concentrations of sunitinib for 72 h, and the cells were trypsinized and counted. Non-treated cells were set as 100%. (A-C) Curves are derived from the means of more than three experiments. (D) LysoTracker DND-99 density of HMEC-1 cells following incubation with 6 *µ*M sunitinib for different time periods. Cells were treated with sunitinib for 24 or 48 h and LysoTracker DND-99 was added followed by flow cytometric analysis. (E) LysoTracker DND-99 density of sunitinib-treated HMEC-1 cells and HMEC~6~ *~µ~*~M~ cells. The cells were washed five times and then incubated with LysoTracker DND-99. Fluorescence was measured with the control cells without LysoTracker DND-99 staining using flow cytometry. (F-H) Western blot analysis using anti-LAMP-1, anti-LC3 and anti-p62 antibodies. HMEC-1 and HMEC~6~ *~µ~*~M~ cells were exposed to 6 *µ*M sunitinib, or autophagy inducer 5 *µ*M rapamycin, or Hanks\' media for 24 h. Subsequently, the cells were collected and extracted proteins were used for western blotting. The experiments were repeated at least three times. ^\*^P\<0.05 vs. control HMEC-1 cells. (I) Colocalization of LC3 protein labeling with green sunitinib fluorescence. HMEC-1 and HMEC~6~ *~µ~*~M~ cells were treated with 6 *µ*M sunitinib for 24 h. Subsequently, the cells were stained with anti-LC3 (red fluorescence) (magnification, ×100). DAPI was added to stain the nuclei. (J) Colocalization of LAMP-1 protein labeling with green sunitinib fluorescence. HMEC-1 and HMEC~6~ *~µ~*~M~ cells were treated with 6 *µ*M sunitinib for 24 h. Subsequently, the cells were stained with anti-LAMP-1 (red fluorescence) (magnification, ×100). DAPI was added to stain the nuclei. LAMP-1, lysosomal-associated membrane protein 1; LC3, microtubule-associated protein 1A/1B-light chain 3; SQSTM1, sequestosome 1; Suni, sunitinib.](IJO-56-01-0113-g02){#f3-ijo-56-01-0113}

![Reversal of resistance to sunitinib in HMEC-1 cells by autophagy inhibitors. (A-D) HMEC-1 cells were treated with 6 *µ*M sunitinib for 24 h, either alone or in the presence of 10 nM BAF or 20 *µ*M CQ for 4 h. DAPI was added to stain the nuclei. (A) Cells were then stained with anti-LAMP and observed under fluorescence microscopy. (B) Treated and non-treated HMEC-1 cells underwent anti-LC3 staining and were observed under fluorescence microscopy. (C) Treated or non-treated HMEC-1 cells underwent Lyso-ER staining for 30 min and were observed under fluorescence microscopy. (D) Treated or non-treated HMEC-1 cells underwent Lyso-NIR staining for 30 min and were (A-D) Magnification, ×63. (E) Survival rates of HMEC-1 cells following treatment with sunitinib with or without BAF. HMEC-1 cells were incubated with or without 6 *µ*M sunitinib or 10 nM BAF for 48 h. Cells were trypsinized and counted. ^\*^P\<0.05. (F) Survival rates for HMEC-1 cells following treatment with sunitinib with or without CQ. HMEC-1 cells were incubated with or without 6 *µ*M sunitinib or 20 *µ*M CQ for 48 h. Cells were trypsinized and counted. ^\*^P\<0.05. (G) Survival rates for HMEC~6~ *~µ~*~M~ cells following treatment with sunitinib with or without BAF or CQ. HMEC~6~ *~µ~*~M~ cells were incubated with or without 6 *µ*M sunitinib, 10 nM BAF or 20 *µ*M CQ for 48 h. Cells were trypsinized and counted. ^\*^P\<0.05. The results in e, f and g are presented as the mean ± SEM. (H) Steady decrease in sunitinib fluorescent density in cell vesicles following the withdrawal of sunitinib from culture media. HMEC~6~ *~µ~*~M~ cells were washed and cultured in normal culture medium. The cells were immediately placed into the culture chamber of a time-lapse imaging system. After image zone selection, image recording usually began after 15 min. The images were taken every 12 min and the images at indicated time points are shown. The upper row shows optic microscope images, the middle row shows green fluorescent microscope images and the lower row shows merged photos (magnification, ×40). BAF, bafilomycin A1; CQ, chloroquine; LAMP-1, lysosomal-associated membrane protein 1; LC3, microtubule-associated protein 1A/1B-light chain 3; Suni, sunitinib.](IJO-56-01-0113-g03){#f4-ijo-56-01-0113}
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